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Synthetic CD4 Peptide Derivatives That Inhibit 
HIV Infection and Cytopathicity 

Synthetic peptide segments of the CD4 molecule were tested for their ability to inhibit 
infection of C M f  cells by the human immunodeficiency virus (HIV) and to inhibit 
HIV-induced cell fusion. A peptide mixture composed of CD4(76-94), and synthesis 
side products, blocked HIV-induced cell fusion at a nominal concentration of 125 
micromolar. Upon high-performance liquid chromatography, the antisyncytial activity 
of the peptide mixture was found not in the fraction containing the peptide CD4(76- 
94) itself, but in a side fraction containing derivatized peptide products generated in 
the automated synthesis. Derivatized deletion and substitution peptides in the region 
CD4(76-94) were used to demonstrate sequence specificity, a requirement for benzyl 
derivatization, and a core seven-residue fragment required for antisyncytial activity. A 
partially purified S-benzyl-CD4(83-94) peptide mixture inhibited HIV-induced cell 
fusion at a nominal concentration of 1 3 2  micromolar. Derivatized CD4 peptides 
blocked cell fusion induced by several HnT isolates and by the simian immunodeficien- 
cy virus, SIV, and blocked infection in vitro by four HIV-1 isolates with widely variant 
envelope gene sequences. Purified CD4(83-94) dibenzylated at cysteine 86 and 
glutamate 87 possessed antisyncytial activity at 125 micromolar. Derivathtion may 
specifically alter the conformation of CD4 holoreceptor peptide fragments, increasing 
their antiviral efficacy. 

L IGANDS THAT BIND TO, BUT DO NOT 
activate, biological receptors are 
called antagonists, and are used ther- 

apeutically as con~petitive inhibitors of lig- 
and-receptor interactions (1).  It should also 
be possible to use fragments of receptors as 
competitive inhibitors of ligand-receptor 
binding, provided that a small continuous 
region of a receptor binds the ligand and 
that this epitope, separated from the holore- 
ceptor, has sufficient conformational stabil- 
ity to allow a thermodynamically favorable 
interaction with the ligand. 

CD4 is a 55- to 58-kD glycoprotein orig- 
inally characterized as a T lymphocyte differ- 
entiation antigen (2). It is implicated as an 

associative recognition element in major his- 
tocompatibility complex (MHC) class II- 
restricted immune responses (3) including 
the mixed leukocyte response (MLR) and 
antigen-specific MHC class 11-restricted T 
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cell cytotoxicity (4). CD4 also serves as a 
receptor for the primate immunodeficiency 
lentiviruses HIV-1, HIV-2, and SIV (5).  
Interactions between the envelope glycopro- 
tein of HIV and CD4 are involved in HIV 
infection of susceptible cells including T 
lymphocytes and monocyte/macrophages; 
these interactions also mediate the character- 
istic cytopathic process of HIV-induced cell 
fusion (6, 7). 

We have examined synthetic peptide frag- 
ments derived from the predicted amino 

acid sequence of the CD4 molecule (8) as 
potential inhibitors of CD4-dependent cel- 
lular functions. Peptide fragments of the 
extracellular domain of CD4 were synthe- 
sized (9) and tested for their ability to 
inhibit the MLR response (3) ,  HIV-1- and 
SIVinduced cell fusion (7, 10) and HIV-1 
and HIV-2 infection of CD4' cells (11). 
Peptides were initially tested as unpurified 
mixtures containing the desired peptide (65 
to 95% of total product) as well as deriva- 
tized (incompletely deprotected) and se- 

Table 1. Biological effects of CD4 peptide fragments. The amino acid sequence shown (single-letter 
code) is that of the desired peptide. Material used was the post-resin peptide mixture (9). Several of the 
peptides were further purified by high-performance liquid chromatography, and the major peak was 
characterized by sequential Edman degradation or fast atom bombardment-mass spectrometry. None 
of the HPLC-purified peptides tested inhibited HIV-induced cell fusion at 1500 (LM, the highest dose 
tested (see Fig. 1). 

Peptide sequence Fusion* MLRt Infection* 

QGNKWLGKKGDTVELTCTASQKKS 
[CD4(1-25)] 
YQGNKWLGKKGDTVELTCTASQKKS 
[YCD4(1-25)] 
IQFHWKNSNQIKILGNQGSTLTKGP 
[CD4(26-50)] 
YIQFHWKNSNQIKILGNQGSTLTKGP 
IYCD4(26-5011 

~KIEDSDT~~CEVEDQKEE 
[CD4(76-94)] 
DQKEEELKIEDSDTYICEV 
[CD4(76-94), altered sequence] 

LPQ~PQYAGSGNLTLALELKTGKL 
[CD4(261-285)] 
REKAVWVLNPEAGMWQCLLSDSGQV 
[CD4(331-355)l , - 
A S ~ N Y T  
[ARVgpl20] 
CEGNVRVSRELA 
[control peptide] 
CKQLQKDKQVYR 
[control peptide] 
CIDLGTDMVPAISLAY 
[control peptide] 
GEWAHSRQEEEEMARAPQVLFRG 
[rat pancreastatin] 

*For the fusion assay, 50 )*I of pe tide diluted in phos hate buffered saline was added to 25 )*I of medium containing 
5 x lo4 HIV-infected H cells (Rg-~IV-lHxBz) miincubated at 37°C for 30 min; 25 )*I of medium containing 
5 x lo4 CD4+ indicator &B) cells was then added, and cells were cocultured in the presence of pe tide for 18 hours 
in a humid 5% C@ aunos here None of the peptides tested were cytotoxic as assessed by trypan bke exclusion. NA, 
not actlve. +The mixeS~eukbcyte response (3) was measured in the presence or absence of peptide at about 125 
)*M. None of the peptides caused a statistically significant decrease in T cell proliferation as measured by incorporation 
of vitiated thymidne, tested with three separate stimulator by responder cell populations. #The CEM-SS 
quantitative nucrotiter s ncytia-forming assay was performed as described (11). The concentration given is that which 
results in a V,No less J a n  0.005. [V,,No is the number of syncytia per well at confluence (5 to 6 days after viral 
infection) in the presence of peptide (V,) divided b the number of syncytia er well at confluence in the absence of 
peptide (Vo)]. Vlral lnocula (100 to 200 syncytia-&rming units O ~ H T L V - R I ~  (titered frozen stock from HTLV- 
IIIB-infected H 9  cells) were incubated for 60 min at 25°C in the resence or absence of the peptide mixture 
(automated solid hase synthesis). The virus-pe tide mixture, or virus L n e ,  was incubated with CEM-SS cells for 60 
min at 3 P C  to &W viral adsorption to the ceis. Medium was removed and replaced with RPMI 1640 containing 
10% fetal calfserum. Peptide was added durin viral inoculation and maintained at the indicated concentration during 
growth to confluence. Cells were re-fed with kesh medium on day 3, and syncytia counted when cell confluency was 
reached 5 to 6 days later. Peptides did not affect cell viabili as assessed by rate of growth to confluence, cell number, 
or uypan blue exclusion. To confirm that the peptide CD436-94) mixture inhibited infection of CEM-SS cells as well 
as formation of syncytia scored as the primary assay readout (11), p24 was measured in cell supernatants on day 6. 
Duplicate cultures inoculated with HTLV-111, in the absence of peptide contained an average p24 concentration of 68 
n rnl Duplicate cultures inoculated with HTLV-IIIB in the presence of 500 WM CD4(76-94) eptide mixture (V,/ 8- b.003) contained an average p24 concentration of 4.6 n g / d  M peptides were tested at Q to 500 )*M (0.5 to 
500 (LM for A S m N Y T ) .  Several of the peptides were also tested for inhibition of HIV-2NIH.Z infection in this assay. 
Significant inhibition of HIV-2NIH.Z infectivity (V,No < 0.5) was observed with the CD4(76-94) post-resin peptide 
nuxture at a nominal concentration of 125 uM.  

quence-terminated (deletion) peptides gen- 
erated during automated synthesis. Peptides 
corresponding to CD4(1-25), CD4(26- 
SO), CD4(51-75), and CD4(95-118), as 
well as CD4(261-285) and CD4(331- 
355), were completely inactive in inhibiting 
HIV-induced cell fusion (Table 1). The 
peptide mixture corresponding to CD4(76- 
94) was the only one in the series that 
inhibited HIV-induced cytopathology, 
completely blocking syncytium formation at 
a nominal concentration of 125 yM (Table 
1). CD4(76-94) peptide preparations also 
inhibited the infectivity of both HIV-1 and 
HIV-2 when tested in a quantitative syncy- 
tium-forming infectivity microassay (Table 
1). The CD4(76-94) peptide mixture did 
not inhibit the MLR at the concentration 
that gave complete inhibition of HIV-in- 
duced cell fusion (Table 1). 

The biologically active peptide mixture 
derived from synthesis of CD4(76-94) was 
fractionated by high-performance liquid 
chromatography (HPLC) . The antisyncytial 
activity eluted separately from the desired 
peptide, as a distinct fraction that displayed 
a complex mass spectrum, suggesting a mix- 
ture containing derivatives of the parent 
peptide (Fig. 1). Mass spectrometric analy- 
sis of the major peak confirmed that it 
contained the desired peptide LKIEDSD- 
TYICEVEDQKEE. This peak was without 
biological activity. To determine if the bio- 
logical activity might result from derivatiza- 
tion of the parent peptide, purified inactive 
CD4(76-94) was derivatized by post-syn- 
thesis solution chemistry. The majority of 
the amino acid-protecting groups used for 
the synthesis of CD4(76-94) are benzyl 
esters or ethers (9). Thus benzylated pep- 
tides could result from incomplete deprotec- 
tion of the parent peptide following synthe- 
sis. Accordingly, purified, inactive 
CD4(76-94) was chemically derivatized by 
benzyl or methylbenzyl addition to the pep- 
tide by using two different synthetic routes, 
each of which resulted in material with 
activity comparable to the original unpuri- 
fied CD4(76-94) peptide mixture (12). 

The cysteine residue within the sequence 
of CD4(76-94) is likely to be benzylated in 
the reaction performed (12). The impor- 
tance of the cysteine residue was confirmed 
by the synthesis of serinyl and alanyl con- 
geners of CD4(83-94) and CD4(76-94), 
and the phenylalanyl congener of CD4(76- 
94)amide. None of these peptide mixtures 
possessed detectable antisyncytial activity 
(Table 2). In view of the comparable activity 
of the CD4(76-94) synthetic mixture and 
the peptides benzylated by solution derivati- 
zation (12), we tested several S-benzyl cys- 
teine congeners of CD4(76-94), and a se- 
ries of COOH- and NH2-terminal deletions 
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from this sequence, for their ability to inhib- peptide, as well as derivatization, since a 19- 
it HIV-induced cell fusion. The core se- residue peptide with the same composition 
quence for antisyncytial activity was but slightly altered sequence compared to 
CD4(83-89) (Table 2). Biological activity CD4(76-94) had no antisyncytial activity 
requires the correct sequence o f  the core (Table 1).  The activity was attributable to 

Fig. 1. Chromatographic 
fractionation of synthetic loo> 

CD4(76-94). A represen- 1 
tative chromatogram of 1.8 8 "1 
mg of ~ ~ 4 ( 7 & - 9 4 )  on a 
Vydac C8 (10 x 250 mm) 
bonded-phase semiprepara- 
tive column is shown. Mate- 
rial was post-resin CD4(76- 
94) dissolved in 10 mM am- 
monium acetate at p H  7.0. 
Mobile phase was (A) am- 
monium acetate buffer and Tlme (mln) 
(B) 20% ammonium acetate 
buffer/80% acetonitrile. The percentage of B in the mobile phase was varied as shown (dashed line). 
Material eluting at retention times 2 to 3, 3 to 4.5, 4.5 to 5, and 5 to 8.5 rnin was pooled from several 
semipreparative runs, lyophilized, weighed, and submitted to bioassay at about 500 to 32 FM in the 
fusion assay described (10). Bioactivity (hatched bar) is expressed as doses of antisyncytial activity per 
fraction. One dose is the smallest amount of material necessary to completely inhibit hsion between 
50,000 H9-HIVHxB2 cells and 50,000 VB indicator cells over an 18-hour period under standard assay 
conditions (10). Aliquots of the major peak (3 to 4.5 min retention time) and the area of the 
chromatogram in which bioactive material eluted (5 to 8.5 min retention time) were submitted to FAB- 
MS analysis as described (21). The major peak (3 to 4.5 min retention time) gave a parent fragment 
mass (M+H=2287) consistent with the mass of the desired peptide LKIEDSDTYICEVEDQKEE as 
well as a fragment of mass 2269, the mass of the parent fragment minus H20 (18 atomic mass units). 
The biologically active material eluting at 5 to 8.5 min retention time exhibited a complex mass 
spectrum containing the parent M + H  (2287) and multiple higher molecular weight peaks consistent 
with extensive derivatization of the parent peptide. 

Fig. 2. Chromatographic 
fractionation of S-ben- 
zylCD4(83-94). The de- 
sired peptide was TYICbZl- 
EVEDQKEE where Cbzl 
indicates benzylation of 
CysS6 by insertion of the 
HF-stable t-Boc-S-benzyl 
cysteine in place of t-Boc-S- 
p-methylbenzyl cysteine in 
the solid-phase automated 
synthesis sequence. Ten mil- 
ligrams of the post-resin 
peptide mixture was chro- 
matographed as described in 
Fig. 1. Aliquots were taken 
for both FAB mass spec- 
trometric analysis and bioas- 
say (antisyncytial activity). 
Shown are the absorbance 
profile at 225 nm (broken 

(M + H)+ Peak 4 
80 3 

1 40 q 

0 4  ' ', P " ' ,  , 8 "i' 
1200 1400 1600 1800 2000 

(M + H)+ 
80 Peak 7 

Tine), the antisyncytial activ- 0.00 4 00 8 00 12.00 16.00 20.00 

ity in each fraction (hatched Time (rnin) 
boxes; dose defined as in 
Fig. l ) ,  and the mass spectra of the major peak (peak 4) and the bioactive peak (peak 7) resolved by 
reversed-phase chromatography. The concentration of peak 7 material required to completely inhibit 
syncytium formation in the standard fusion assay (10) was 5 3 2  pM. This concentration was calculated 
from the weighed mass of the material collected from this region of the chromatograph, and the 
molecular weight of the desired peptide. To demonstrate the peptide nature of the active component of 
CD4(83-94)BZL (peak 7), 100 pg of peak 7 material was dissolved in 50 p1 of 0.1M ammonium 
bicarbonate to which was added 10 pg of Pronase in ammonium bicarbonate freshly prepared, or 
dissolved in buffer and inactivated by heating to 65°C for 2 min. Incubations were allowed to proceed at 
37°C for 17 hours, after which time activity was quenched by incubation at 65°C for 2 min. Samples 
were lyophilized, and twice resuspended in water and re-lyophilized, before assay for antisyncytial 
activity as described (10). Potency of each preparation was determined in duplicate as described in Table 
1. Peptide incubated with previously inactivated enzyme was active at 63 pM (concentration to 
completely inhibit HIV-induced cell fusion). Peptide incubated without enzyme was active at 32 pM. 
Peptide incubated with active enzyme which was then inactivated by heating at 65°C had no 
antisyncytial activity at the highest concentration tested (500 pM) 

peptide material, since proteolytic digestion 
completely abolished the antisyncytial activi- 
ty of the active peptide preparations (see 
legend to Fig. 2). 

Upon HPLC fractionation, the antisyncy- 
tial activity of the 12-residue S-benzyl 
CD4(83-94) peptide mixture eluted in a 
more hydrophobic region of the chromato- 
gram than the parent compound (Fig. 2). 
Material in this region of the chromato- 
gram, designated peak 7, gave a mass spec- 
trometric profile consistent with a multiply 
derivatized peptide. Peak 7 was also tested 
as an inhibitor of cell hsion induced by 
several isolates of HIV-1, as well as SIV, and 
for its ability to inhibit HIV-induced cell 
fusion with the use of fresh human peripher- 
al blood mononuclear cells (PBMC), rather 
than a CD4' lymphoid cell line, as the 
indicator cells in the fusion assay. In the first 
set of experiments, CD4(83-94)BZL (peak 
7) was incubated in 96-well microtiter plates 
with 50,000 H 9  cells infected with the viral 
isolates HIV-lTJ, HW-lDV,  HIV-lHXBZ, or 
SWucDavi, for 30 min at 37°C. Levels of 
viral expression in each cell line were suffi- 
cient to allow formation of syncytia upon 
C O C U ~ N ~ ~  with 50,000 CD4' indicator cells 
(VB cells for HIV-1-infected cellls; HUT- 
78 cells for SW-infected cells) in a total 
volume of 100 ~1 of RPMI 1640 supple- 
mented with heat-inactivated 10% fetal calf 
serum at a rate and frequency similar to 
those for the reference isolate HXB2 scored 

Table 2. Antisyncytial activity of deletants and 
altered-sequence variants of CD4 Cys-benzyl(76- 
94) define a core antisyncytial peptide. Peptides 
were tested as post-resin peptide mixtures, as 
described (9) .  Subscript bzl indicates synthesis of 
the acid-stable benzyl thioether of cysteine at 
position 86. Antisyncytial activity was assessed as 
described in Fig. 1. Not active (NA) indicates no 
antisyncytial activity at early (6 hours) or late (24 
hours) time points at the highest concentration 
tested, 500 pM. 

Sequence Antisyncytial 
potency* 

TYIC~~~EVE - 
YICbZIEVE 

T W V E D Q K E E  
LKIEDSDTWVEDQKEE 

TYISEVEDQKEE 
LKIEDSDTYQEVEDQKEE 
LKIEDSDTYIFEVEDQKEE t 

*Ant i syn~a l  potency is defined as the lowest concen- 
tration of peptide completely inhibiting fusion as de- 
scribed in Fig. 1. tAmide form. 
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as previously reported (10). CD4(83- 
94)BZL completely inhibited the formation 
of syncytia under these conditions at nomi- 
nal concentrations of 63 pM (W(B2, SIV) 
to 125 pM (TJ, DV). In parallel experi- 
ments, human PBMC stimulated with phy- 
tohemagglutinin (1 pglml, Burroughs, 
Beckenham, England) for 48 hours were 
substituted for VB cells in the standard 
fusion assay. The post-resin peptide mixture 
TYICbzlEVEDQKEE (see legend to Table 
2) inhibited syncytium formation complete- 
ly (18 hours of cocultivation with H9- 
HIVHXB2 cells) at approximately 63 pM 
(Table 2). CD4(83-94)BZL was also tested 
for its ability to inhibit infection or fusion of 
CEM-SS cells (1 1) inoculated with cell cul- 
ture supernatants from H9 cells infected 
with the HIV-1 strains HTLV-IIIB, RF-11, 
MN, and CC, which were selected for het- 
erogeneity of the amino acid sequences of 
their envelope glycoproteins. When tested 
under 'the conditions described in Table 1, 
CD4(83-94)BZL (peak 7) completely in- 
hibited infectivity and fusion of all four viral 
isolates at a nominal concentration of 125 
PM. 

Mass spectrometric analysis confirmed 
that the major product of the synthesis of S- 
benzyl CD4(83-94) (designated peak 4) 
was the S-benzyl-cysteine peptide; this com- 
pound had no detectable biological activity 
(Fig. 2). These results suggested that antivi- 
ral activity either requires or tolerates deriva- 
tization of cysteine, and requires derivatiza- 
tion of at least one other site on the 
CD4(83-94) peptide TYICbzlEVEDQ- 
KEE. This hypothesis was confirmed by 
treatment of the biologically inactive peak 4 
(Fig. 2), containing only authentic S-ben- 
zyl-cysteinyl CD4(83-94), with a-bromo- 
xylene to effect further derivatization. This 
treatment resulted in material that blocked 
HN-induced cell fusion (Table 3). 

Since a limited number of amino acid 
residues could be derivatized in the parent 
12-residue peptide CD4(83-94), a series of 
peptides was prepared by fluorenyl methyl- 
oxycarbonyl (FMOC) solid-phase synthesis 
using benzyl blocking groups on selected 
amino acid residues that are stable to FMOC 
cleavage conditions. Only the peptide in 
which Cysg6 and GIU" were benzylated 
yielded material with antisyncytial activity 
(Table 3). When purified to homogeneity 
by C8 followed by C18 reversed-phase 
HPLC the compound TYICbzlEbzlVEDQ- 
KEE was found to completely inhibit HIV- 
induced cell fusion at 125 pM. The struc- 
ture of purified TYICbzlEbzlVEDQKEE 
was confirmed by Edrnan degradation, fast- 

peak 7 (Fig. 2) was considerably more po- 
tent than TYICbZlEbzlVEDQKEE, there 
must be other derivatives of CD4(83-94) 
that are more potent than, or synergisticall+ 
enhance the potency of, this structurally 
defined peptide. 

The antiviral activity of the CD4 peptide 
fragments described here is specific and is 
restricted to CD4-dependent interactions of 
cells with HIV proteins. CD4(76-94) at 
concentrations up to 250 pM had no effect 
on HTLV-I-induced cell fusion in vitro 
(13), and complete inhibition of HIV-in- 
duced cell fusion was observed at a concen- 
tration of the CD4(76-94) peptide that did 
not affect the MLR response (Table 1). The 
mechanism of action of these CD4-derived 
peptides may therefore involve competitive 
blockade of viral attachment to CD4 via 

Table 3. Multiple benzylation of CD4(83-94) 
imparts antisyncytial activity to the peptide. The 
antisyncytial activity of five preparations of 
CD4(83-94), variously derivatized, were com- 
pared. The preparations were: (A) post-resin mix- 
ture after solid-phase synthesis of the desired 
peptide TYIC(S-benzy1)EVEDQKEE; (B) HPLC 
fractionation of the peptide mixture in A, peak 4 
obtained as in Fig. 2; (C) liquid-phase derivatiza- 
tion of B, afforded by addition of 7.1 pmol of a- 
bromoxylene to 2.2 pmol of peak 4 dissolved in 
1.5 ml of triethylamine followed by stirring at 
room temperature for 16 hours, removal of vola- 
tile material under vacuum, dissolution in 10 mM 
ammonium acetate, pH 7.0, extraction with one 
volume of chloroform, and repeated lyophiliza- 
tion of the resultant aqueous phase [after Erick- 
son and Merrifield (18 ) ] ;  (D) HPLC fraction- 
ation of the peptide mixture in A, peak 7 obtained 
as in Fig. 2; (E) the post-resin mixtures obtained 
by FMOC syntheses of several underivatized, 
monoderivatized, and diderivatized congeners of 
CD4(83-94) as described (19); (F) FMOC syn- 
thesized TYICb,lEb,flEDQKEE, purified by se- 
quential HPLC fractionation on C8 and C18 
columns, with structure and purity confirmed by 
analytical HPLC, amino acid sequencing, and 
definitive fragment ion series acquired in both 
positive and negative ion modes in FAB-MS 
analysis (20). 

Material assayed Nominal 
potency 

(A) S- benzyl-CD4(83-94) peptide 
mixture 

(B) Peak 4 

(C) Peak 4, solution-derivatized 

(D) Peak 7 

(E) FMOC CD4(83-94) peptides 
TYICEVEDQKEE 
TYICbZlEVEDQKEE 
TYB,.~IC~,~EVEDQKEE 
TYIChzlEVEb,lDQKEE 
TYICEbZlVEbzlDQKEE 
TYICb,lEh,,VEDQKEE 

peptide binding to the CD4-combining re- 
gion of the HIV gp120 glycoprotein. Con- 

- - 

sistent with t h i ~ - ~ r o ~ o s e d  mechanism of 
action, the partially purified CD4(83- 
94)BZL (peak 7) peptide blocked fusion 
between HIV-infected T cells and CD4- 
expressing T cell lines or CD4-expressing 
peripheral blood-derived cells, independent 
of the isolate of HIV used in the assay (see 
Table 2), blocked infection of CD4' lym- 
phoid cells by both HIV- 1 and HIV-2 (see 
Table l ) ,  and also blocked the CD4-depen- 
dent fusion induced by SIV (see Table 2) 
(14). 

In the native CD4 molecule, cysg6 is 
linked to Cys18 by a disulfide bond (IS), 
which may impose conformational con- 
straints on the peptide in the region of Cysg6 
that allow interaction with the HIV enve- 
lope glycoprotein (16). Derivatization of the 
peptide fragment CD4(83-94) may mimic 
this conformation, allowing the peptide to 
bind the viral envelope protein. Small CD4- 
derived peptides with antisyncytial activity 
should allow the design of antiviral agents 
with access to organ compartments that the 
larger CD4 molecule, even in soluble form 
(17), might not penetrate. 
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